Most hypotheses on adaptation stem from comparisons among species. The com parative method offers a way to study questions of ecological mechanisms and evolutionary adaptations, particularly in situations where experimentation is near impossible. Comparisons among species and areas in itself can advance the per spective greatly, but this approach suffers from unknown and uncontrollable varia tion among species and regions. Adding another dimension of comparison. a large ecologiGal disturbance, to the system is extremely illuminating because it acts independently of preexisting species level and spatial variation and, therefore, sim plifies comparisons by eliminating confounding variables. Thus, the chapters in this book are of interest because they not only chronicle the impact of EI Nino (EN) on eastern Pacific pinnipeds, but they also provide new perspectives on the eCOlogy, life history, and evolution oC these species which could not otherwise have been obtained.
Introduction
Most hypotheses on adaptation stem from comparisons among species. The com parative method offers a way to study questions of ecological mechanisms and evolutionary adaptations, particularly in situations where experimentation is near impossible. Comparisons among species and areas in itself can advance the per spective greatly, but this approach suffers from unknown and uncontrollable varia tion among species and regions. Adding another dimension of comparison. a large ecologiGal disturbance, to the system is extremely illuminating because it acts independently of preexisting species level and spatial variation and, therefore, sim plifies comparisons by eliminating confounding variables. Thus, the chapters in this book are of interest because they not only chronicle the impact of EI Nino (EN) on eastern Pacific pinnipeds, but they also provide new perspectives on the eCOlogy, life history, and evolution oC these species which could not otherwise have been obtained.
In the preceding chapters we described and analyzed the effects of EN on pinniped populations distributed over the Pacific east coast of the Americas Crom the Bering Sea (ca. 57°N) through California, Mexico, Ecuador (Galapagos), and Peru to northern Chile (ca. 23°S). We presented data on six species of pinnipeds, the northern fur seal (Callorhimts IIrsinus), the Galapagos fur seal (Are/oeep/wills galapagoe"sis), the South American fur seal (Are/oeepha/us alls/rlllis), the South American sea lion (OllIria byro"ia), the California sea lion (Za/op/ws cali/or "iall/ls), and the northern elephant seal (MirOlmga allCltstiroslris). Not only can we compare the effects of EN between two families of pinnipeds, the otariids and phocids, and between species oC otariid seals, but we are also fortunate to have studies on different populations of the same species.
1. In the northern Cur seal we can compare the colonies on the PribiloCs (at 57°N) and on San Miguel Island (34°N). 2. The South American fur seal was studied in Peru (1 5°S) and Chile (20-23°S). and the very similar Galapagos fur seal on the Galapagos (OOS). 3. For the California sea lion, data were obtained on the most varied aspects of be havior, physiology, and life history of any species in the book. These data origi nated from work on the California Islands, at the northernmost edge of the breeding range (33-34°N), and can be compared to information on the popula tions from Baja California (23°-28°N; the southernmost breeding range of Z. c.
Unfortunately, we have been unable to obtain substantial information on EN cffects on the population of Steller sea lions (Eumetopias juballls)
in the north and obtained only limited information on the South American sea lion (Ol(lrill byrotlja) in Chile and Peru (Guerra and Portflitt, Chap. 4; Majluf, Chap. 5) . Data on the Harbor seal (PllOca VitU!illll) are also unavailable at present.
To structure this material for thc following discussion (Sect. 26.2), we will first summarize our results (see Tables 1-3) with several general questions in mind:
1. How did effects on population parameters change with latitude?
2. What were the time courses of the various effects?
3. Were age groups and sexes differentially affected, and if so, how?
4. How did foraging behavior change during EN?
In Section 26.3 we then usc this information on similarities and differences between species, and between sites within a species, to examine the stages in pinniped like cycles which suffer most from environmental disturbances. We then attempt to draw conclusions on the importance that environmental variance may have for the evolution of life history traits of phocids and otariids exposed to latitudinally different environmental regimes.
Summary
It is generally difficult to prove that changes in population parameters are directly caused by unusual environmental circumstances (Arntz et aI., Chap. 2). This prob lem was demonstrated by Hatch (t 987) in his report on seabirds in the Bering Sea:
he observed substantial breeding failures during EN which were difficult to interpret since similar failures had been previously observed in non-EN years. Differential effects of EN among seabird species were weakly related to their foraging tactics, but showed marked geographical variation for a given species even within the area of the Bering and Chukchi Sea and the Gulf of Alaska. The variation in the response of these populations emphasizes how risky it is to ascribe changes in population pa rameters directly to EN. We are confronted with the same problem in the interpreta tion of our pinniped data.
Our data base, although in most cases encompassing several years, is not com prehensive enough to address all short-and long-term effects of this EN. Further more, most of our observations were made at the breeding sites and do not provide information on the nonbreeding season, during which extensive feeding occurs over wide areas (but see York, Chap. 9; Huber, Chap. 13). Since the migration period figures importantly in the life cycle of most pinniped species we arc likely to under rate the importance of EN effects in our conclusions. Before we summarize our results, we need to define two terms for this sum mary. PltpS are young animals which depend entirely on maternal milk for their en ergy input; juveniles are either recently weaned or living on a mixed diet of maternal milk and solid food for which they forage independently. Depending on the species, juveniles may be 4 weeks (M. angustiroslri.\·) to 3 years (A. ga/apagocn sis) old. This definition stresses the change from total dependence on maternal care to partial or complete nutritional independence mther than absolute age (which is also used elsewhere in this book).
The Relationship Between the Impact of tl,e EN Event Oil Population Parameters and Latitude
Because EN originates near the equator and is propagated poleward, the severity of EN-related impacts on pinniped popUlations declines from low to high latitudes 250 F. Trillmich et aJ. We first summarize the effects on otariids and then on the elephant seal, the only phocid species for which we have detailed information.
Otariids
The effects of EN on otariid pup survival followed a latitudinal gradient. Pups ex perienced reduced milk intake during the years of EN effects, which led to reduced growth rate and associated reduced body mass for a given age. Consequently, survival of pups during their first 3 months of life decreased (Tables 1 and 2 ). The most severe negative effect was observed in the Galapagos Islands, where 100% mortality of fur seal pups in 1982 and nearly 100% mortality in the sea lions occurred (Table 1 ; Trillmich and Dellinger, Chap. 6). In the near-tropical popula tion of the South American fur seal in Peru, 42% of pups died within a 22-day observation period in February 1983 (Trillmich et al. 1986 Majluf, Chap. 5) . However, survival of pups in the insulated population of California sea lions in the Sea of Cortez did not appear to be affected (Aurioles and Le Boeuf, Chap. 11). Further north in more temperate latitudes on the California Channel Islands (about 33°-35°N) the 1982-83 EN had a less drastic effect on pup survival. In 1983 and 1984, it approximately doubled normal early postpartum pup mortality among California sea lions (Francis and Heath, Chap. 12; DeLong et aI., Chap. 17) and northern fur seals on San Miguel Island (DeLong and Antonelis, Chap. 7). The very high latitude Pribilof popUlation of northern fur seals was also unaffected (Gentry, Chap. 8).
The loss of juveniles from these popUlations varied with latitude in the same way as pup mortality. The most equatorial species, the Galapagos fur seal, lost the 1980 and 1981 cohorts completely and part of the 1979 cohort. In the area of the California Channel Is[ands, high mortality of underweight weanlings during their first year at sea was documented in juvenile California sea lions and northern fur seals (Tables 1, 2). Although exact mortality estimates are missing, an increase in the number of beached yearling sea lions and fur seals was noted (J. Antrim, Sea World, San Diego, pers. comm.; DeLong and Antonelis, Chap. 7). At 52°N, the 1983 year class of northern fur seals was of normal size initially, but its subsequent survival to 2 years of age may have been greater than normal, because of enhanced food supplies available to juveniles after weaning as shown by York (Chap. 9) for previous EN events. This may have occurred despite the fact that the 1982-83 EN had a less beneficial effect on fish stocks in the north than previous EN events even though they were not as strong in the tropics (Niebauer 1988; Fahrbach et aI., Chap. 1; Arntz et al., Chap. 2) .
During most EN events, the mortality effects on pups and juveniles may not show such an extreme equatorial-temperate trend as in the 1982-83 event. Weaker events appear to affect near-equatorial populations much less severely than the ex ceptional 1982-83 EN (Majluf, Chap. 5). In fact, moderate and weak ENs may only cause reduction in growth rates of pups in tropical areas and may have no effects on temperate popUlations.
Mortality of adult females was also increased during EN and varied with lati-tude. The effect was largest in the tropics, where an estimated 30-50% of the fe male fur seals on Galapagos died ( Table 1 ). The larger Galapagos sea lion females had a lower mortality rate than the fur seals (Trillmich and Dellinger, Chnp. 6). We have no estimates of fur seal mortality in Peru, but it is clear that female mortality there was high in 1983. Some animals may have escaped starvation by migrating south into Chile (Guerra and Portflitt, Chap. 4). Movement to more productive areas was not an option for the Galapagos species.
The data for the Channel Island populations of otariid pinnipeds showed no increase of female mortality among sea lions (Table 2) , but mark . ed shifts in dis tribution (Francis and Heath, Chap. 12; DeLong and Antonelis, Chap 7; Delong et aJ., Chap. 17). A dramatic decline in the number of northern fur sen I females on San Miguel wns noted (Table 1) . Whether this decline was due to migration from San Miguel or mortality is unknown (Delong and Antonelis, Chap. 7). Fe male survival of northern fur seals in the Bering Sea was unaffected by the EN (Gentry, Chap. 8).
Adult males of otariid species, which fast during territory tenure, went to sea with their fat stores seriously depleted. Again, the effect of this depletion differed by latitude. The virtually complete loss of reproductive male Galapagos fur seals in dicates how risky the reproductive fast is for males of polygynous pinnipeds (Table  1 ; Trillmich and Dellinger, Chap. 6). There was less mortality among Galapagos sea lion males than among the fur seals, but the extent of the mortality was not quantified (Trillmich and Dellinger, Chap. 6). In contrast, censuses for the California sea lion on the Channel Islands indicated no measurable change in adult male mortality ( Table  2; Ono et al. 1987; Francis and Heath, Chap. 12) . Since these males migrate north after the breeding season they may have been able to avoid the worst EN effects.
Female fertility decreased in almost all otariid species during EN (Tables 1, 2). Reproductive rates of adult females decreased most for the Galapagos fur seal (70-90%). Pup production of California sea lions on the outer coast of Baja California and on the Channel islands was reduced by about 50% in the first breeding season following the onset of EN (Table 2 ). These lower natalities were probnbly a result of undernutrition of females (Francis and Heath, Chap. 12). Female condition was not directly measured but appeared to be poor in 1983 as reflected by decreased copulation rates and increased abortion, resulting in decreased female fertility in 1983 and 1984 (Francis and Heath, Chap. 12) . Pup births in the northern fur seal in California fell by about 60%, but in this case we cannot discriminate between re duced female fertility, and massive emigration combined with some mortality of re productive females (Delong and Antonelis, Chap. 7).
Another possible factor leading to decreased numbers of pups late in or im mediately after the EN year 1983 may have been an increase in the age at first re production in tropical and temperate species. When marine productivity is high, food for recently weaned juveniles is abundant and causes fast growth which leads to early maturation as seen in northern fur seals (York 1983) . Conversely, reduced growth early in life may lead to a later onset of reproduction. Juvenile females of the cohorts, which were born, maturing, or reproducing for the first time during EN, may have delayed their first pupping due to reduced food availability. Evidence for this effect was observed in northern elephant seals (see below).
Phocids
The range of our study sites of northern elephant seals was about 400 km, too lim ited to reveal a latitudinal trend in pup mortality (Table 3 ), but site effects were important. Pups of this species were well buffered against EN effects while they were still suckling. Only direct storm effects increased the mortality rate of pups during early 1983 and the effect was site-specific. At the Farallon Islands (38°N) pup mor tality rates were normal (Huber et aI., Chap. 24). At Ano Nuevo Island (37.5°N), pup mortality roughly doubled (Le Boeuf and Reiter, Chap. 23). At San Nicolas Is land (33°N), the pup mortality rate was five times above normal (Stewart and Yochem, Chap. 25) . At both of the latter locations mortality increased due to a coin cidence of unusually strong winter storms and high sea levels which accompanied EN at temperate latitudes (Fahrbach et at., Chap. 1). The same storms struck the Farallon islands, but mortality did not differ from non-EN years because the animals there were on high ground, away from the sea.
The difference in storm effects among these islands was a function of popula tion density and beach topography rather than of latitude. Population density was highest at Ano Nuevo (cf. Table 1 in Le Boeuf and Reiter, Chap. 23). When the ani mals had to move during storms, high population density led to more trampling of pups and a greater probability of mother-pup separation. If, in addition, the animals were unable to reach higher ground because of cliffs at the back of the beach, pups drowned. Therefore, increased mortality of northern elephant seal pups occurred where high population density, limited beach space, and cliffs behind the beach ex acerbated the storm effects (Le Boeuf and Reiter, Chap. 23; Stewart and Yochem, Chap. 25).
In conclusion, EN 1982-83 had a highly negative influence on several pinniped species at or ncar the equator, and a moderately negative innuence in the temperate zone. The effect was negligible for the variables monitored in the subpolar northern fur seal.
Diff erential Effects of EN on Age Class es m,d Sex
The impact of EN on pinnipeds was strongly influenced by the age and sex of indi viduals. Age is a good measure of physical maturation and behavioral experience, and is therefore expected to influence the resistance of an individual to environmen tal perturbations. All the species studied show strong sexual dimorphism in size, and size influences the diving abilities of pinnipeds (Kooyman 1989) . Furthermore, the reproductive strategies of males and females of these species differ widely and exert diffcrent constraints on the palterning of foraging time and the migratory behavior of the sexes. The way in which EN affects a pinniped individual is therefore also expected to be influenced by its sex.
Otariids
During the lactation period, otarii d pups rely on the foraging success of their moth ers. Pup growth rate will depend on foraging conditions, if, at lower food availabilities, females do not allocate increasing amounts of their resources to pups. During acute food shortages these pups may be more susceptible to EN impacts than are juveniles and adults since pups cannot contribute independently to their en ergy intake. Consequently, pups suffer more than any other age class wherever EN related changes in the marine environment have negative effects on maternal foraging efficiency (Tables 1,2).
Male otariid pups demand more milk from their mothers than female offspring, mainly because male pups are bigger and grow faster than female pups (Kerley 1985; Costa and Gentry 1986; Trillmich 1986b : Oftedal et al. 1987b ). This suggests another way in which females may cope with reduced food resources. According to the Trivers and Willard (1973) hypothesis, mothers may produce more female off spring during times of food scarcity. Previously reported data for the Galapagos fur seal (Trillmich and Umberger 1985; Tr illmich 1986b) and the California sea lion (Ono et al. 1987) showed no significant relationship between environmental quality and secondary sex ratio measured during the following EN. However, two studies in this volume have indicated instances of sex bias in California sea lion pups in rela tion to EN. When all 4 years of study on California sea lions (1982) (1983) (1984) (1985) were considered simultaneously, the secondary sex ratio was shown to be female-biased during EN on San Nicolas Island (Ono and Boness, Chap. 20). Also, the sex ratio among pups 2 months of age on San Nicolas and Santa Barbara Islands was weakly female-biased during EN compared to the 2 years prior to EN (Francis and Heath, Chap. 21). Sex ratio changes in the predicted direction were mentioned for northern elephant seals on San Miguel Island (Stewart and Yochem, Chap. 25), but were not corroborated by more extensive observation on the same species on Aiio Nuevo and the Farallon Islands. The problem of adaptive sex ratio shifts clearly needs more inves tigation since it is hard to imagine how pinniped females could predict foraging condi tions 1 year ahead of time in order to shift sex ratio in an adaptive way at the time of conception. They would have to make such a prediction because there is a I-year delay between fertilization of the egg and birth of the pup. Alternatively, females may resorb embryos of the wrong sex previous to parturition, and thereby lose a major part of their lifetime reproductive effort. Such a mechanism has not been documented in pinnipeds and would a priori seem to be of questionable adaptive value.
Temperate and tropical otariid species are flexible in the timing of weaning (Gentry et aJ. 1986a; Trillmich 1986b; Francis and Heath, Chap. 21) . Under poor conditions these species delay weaning and can thus reduce, or at least delay, mor tality of juveniles during periods of low food availability. In fact, more California sea lion yearlings were suckling following the EN than in other years (Francis and Heath, Chap. 21). While the proportion of suckling male yearlings increased in 1984, there was no significant change across years in the proportion of juvenile fe males suckling. Differences between years in migratory behavior of yearling males may account for this finding: males in 1984 were more likely to stay on their island of birth and therefore remain in contact with their mothers. In addition, their moth ers were less likely to have new pups to compete for milk than in years before EN. This difference in migratory behavior of male yearlings may have accounted for the lack of sex difference in juvenile mortality. Older sea lion juveniles migrated in greater than usual numbers from southern to central California during 1983 and 1984 and may thus have avoided the worst impact of EN (Huber, Chap. 13). Data from the South American fur seal in Peru also indicate that under EN conditions weaning is delayed (Majluf 1987) .
Adults were most resistant to EN-related changes since they were the most effi cient foragers (see Sect. 26.2.3). Moreover, they sometimes reacted to changes in the marine habitat by emigrating (Tables 1, 2).
In otariids, the extent of the increase in adult mortality during EN was related to sex-specific differences in foraging and migration. After the reproductive season, males have to recover from the territorial fast. Similarly, females must restore their body reserves after the initial 7-day fast following parturition. Recovery from poor body condition depends not only on food resources after this stressful period, but also relates to a sex difference in foraging options. California sea lion males migrate north, into areas less affected by EN, immediately after the end of the breeding sea son. Consequently, if they have enough reserves to get away from the breeding grounds after the fast, they are free to forage wherever they find food most plentiful. In contrast, female sea lions continue to forage near the breeding colonies and do so under the additional stress of lactation. They would therefore seem to be in greater danger than males when feeding conditions deteriorate since they cannot escape by migrating away without potentially losing the young of the year. In Galapagos fur seals and sea lions, on the other hand, both sexes appear to be resident and forage in the same upwelling areas near the islands. Under these conditions reproductive males clearly suffered higher mortality than females (Tables 1,2). The combination of a more marked EN effect together with a more restricted foraging environment in the tropics may explain why sea lion males on Galapagos were more likely to die during EN than their con specifics in California.
Females showed a marked reduction in fertility after the EN, whereas no such effect was noted for males. Ir males survived the stressful reproductive period they were able to forage continually during the non breeding season. This apparently pro vided them enough opportunities to recover and store reserves for the next breeding attempt. In contrast, females must spend a large percentage of their time ashore to suckle their pup during which they obviously cannot feed and must also incur the cost of lactation (Ono et al. 1987; Heath et aI., Chap. 14; Costa et al., Chap. 16 ; Bo ness et aI., Chap. 18). As a consequence, they were often unable to produce the extra energy necessary for a simultaneous pregnancy.
Phocids
Data on northern elephant seals do not suggest major differential sex effects of EN. Mortality of pups and juveniles appeared to be indiscriminate with respect to sex.
The studies showed no negative effect of EN on lactation in elephant seals, and pre sumably pup growth during nursing was also normal. No data on pup mass are available for pups born in December 1982 to January 1983. Mean weaning mass in 1982 and 1984 was no different from preceding and succeeding years.
However, the impact of EN varied strongly with the age of elephant seals. Mor tality of juvenile elephant seals was elevated for the 1982 (i.e., born Dec. 8I-Feb. 82); 1983 and 1984 cohorts compared to previous and later years (Table 3 ; Le Boeuf and Reiter, Chap. 23; Huber et al., Chap. 24), an effect that was most marked for the 1983 cohort. Juveniles, who enter the sea after a 2.5-month postweaning fast, appeared to suffer from reduced food availability during their first year(s) at sea. Compared to previous cohorts, less than half the normal number of females from the 1983 cohort appeared to reach sexual maturity.
Mortality among adult female elephant seals did not change on Ano Nuevo or at the Farallon Islands, but mortality of adult males increased on Ano Nuevo and, at the Farallons, subadult males seemed to suffer even more than adults (Huber et aI., Chap. 24; Table 3 ). This (mding is unexpected since the fully adult, dominant males presumably spend more energy during the reproductive season fighting and guard ing females than subadults and hence have more to recover.
EN reduced the probability of breeding, and thus reduced lifetime fertility, of both sexes (Table 3 ; Huber et a!., Chap. 24). More females than usual skipped 1 or 2 years of pupping and a fcw males also skipped a breeding season on the Farallons (Huber et aI., Chap. 24). The data do not reveal whether males or females were more likely to skip a breeding season. In addition, age at first reproduction also in creased significantly for the 1983 female cohort at Ano Nuevo Island, an effect that may have been caused by reduced growth rates of that cohort during the first years at sea.
Effects of EN on ForagiIJg aIJd Energetics of Mothers a"d Pups
Otariids EN was obviously a time of food shortage for temperate and tropical pinnipeds. In otariids, lactating females were ideal subjects for studying the effects of food short age on foraging behavior because they forage between periods of pup nursing. This restricts them to a foraging site relatively close to the rookery. A pup's physical condition is a sensitive indicator of its mother's foraging success.
During EN, female otariids stayed away from their pups increasingly longer be tween nursing visits on land (Tables 1,2; Trillmich and Umberger 1985; Ono et al. 1987; Majluf, Chap. 5; Trillmich and Dellinger, Chap. 6; Heath et aI., Chap. 14; Feldkamp et 01., Chap. 15 ). The effects were most marked in the tropics where fe males more than doubled the time away from their pups. It is important to note the distinction between time away from the pup and time at .fea. This is best demon strated by the data for the California sea lion (Feldkamp et al., Chap. 15 ) . Here, and in Galapagos fur seals (Trillmich and Kooyman unpubl.), females sometimes rested elsewhere on land before returning to the pup. This observation supports the hy pothesis by Costa and Gentry (1986) and Costa et al. (Chap. 16 ) that females at-tempt to restore their physical condition to an upper threshold of body mass before returning to their pups to lactate.
During EN, the time mothers spent away from their pups lengthened to the ex tent that the energy budget of many pups became negative; they lost mass and fi nally died. Reduced milk transfer (Oftedal et al.1987b; Iverson et aI., Chap. 19) was the main reason for mass loss and this reduction was reOected in decreased suckling times (Ono and Boness, Chap. 20). In the Galapagos, the mean absence du ration of mothers was no longer than under normal warm season conditions. Never theless, pups starved to death because the variance associated with the mean was very high (Trillmich and Dellinger, Chap. 6). In California sea lions, pups with mothers gone for more than 9 days died (Heath et aI., Chap. 14). Although pups de creased their activities, these compensatory mechanisms were insufficient to bal ance the reduced energy intake during the peak of EN effects (Ono et al. 1987; Boness et al., Chap. 18; Iverson et al., Chap. 19; Ono and Boness, Chap. 20) .
As a consequence of EN, foraging females were also faced with changes in prey composition and abundance while at sea (Arntz et aI., Chap. 2). Changes in prey availability were reflccted to a certain degree in changes in the diet of several species Northern fur seals and California sea lions were apparently flexible enough in their diet choice to change to other food items where and when it was profitable, but also kept hunting for organisms that were decreasing in abundance.
The data on foraging behavior and energetics of female California sea lions (Feldkamp et aI., Chap. 15; Costa et aI., Chap. 16) suggest the mechanism by which foraging females attempted to compensate for reduced prey abundance. They ap peared to reduce the time spent swimming and resting, and to increase the percent age of time spent diving (as in Antarctic fur seals, Costa et aI. 1989) . Dive bouts, which may reOect active foraging on individual prey patches (Gentry et al. 1986a; Feldkamp et al., Chap. 15) , increased in length during 1983 when compared with the previous year.
The apparent decline in percent time swimming, while diving effort increased (Feldkamp et aI. , Chap. 15), suggests that sea lions do not initially travel further away to search for prey. Transit times to the first dive bout were not different between pre-EN and EN years. Prey were apparently found at similar distances from the islands in 1983 as in 1982, but occurred at lower density in 1983. Sea lions increased their search effort by spending a greater percentage of their time diving instead of swim ming long distances in search for prey. Diving depths and durations showed a ten dency to increase, perhaps reflecting an increased search effort for less available prey. Sea lions examined during the EN years appeared to make a greater percentage of their dives to greater depths or for longer durations (Feldkamp et al., Chap. 15 ). The South American fur seal (Majluf, Chap. 5) and the Antarctic fur seal (Costa unpubl. data) appear to compensate in a similar fashion for lowered prey availability.
AU the above compensatory mechanisms were obviously not sufficient to balance reduced prey availability. The animals found it increasingly difficult to find and capture enough prey to satisfy their energy demands. While the rate of food in take (in biomass) appeared to be constant between years in California sea lions, more energy was expended to obtain this intake, compared with pre-EN years (Costa et ai., Chap. 16). Furthermore, the energy content of prey may have been lower, resulting in a reduced energy intake per unit of biomass eaten. The decline in foraging efficiency manifested itself through increased time spent feeding at sea, and through a decline in the amount of milk provided to the offspring (Heath et aI., Chap. 14; Boness et aI., Chap. 18; Iverson et al., Chap. 19) . It may be significant that under non-EN conditions, in 1982, all California sea lion females with time-depth recorders returned to their pups, while in 1983 three of five did not return. The ani mals that did not return may have been unable to make up for the additional energy demand required by carrying the instrument. They gave up their pups and did not return to the site of capture. The animals from which we obtained dive data are therefore perhaps exceptionally efficient foragers.
Phocids
Similar effects must have influenced the elephant seals. Females spent more time at sea in 1983 between the end of lactation and molt than in any other year ( Perhaps, EN reduced prey abundance off the shelf. This is likely since we know that Pacific hake is prey of elephant seals and these fish seemed to be distributed more to the north and offshore during 1983 than in normal years (Arntz et ai., Chap. 2). If the distribution of other prey species also changed, this would explain the reduced survival of elephant seal juveniles of the 1982 and 1983 cohorts (Le Boeuf and Reiter, Chap. 23; Huber et ai., Chap. 24) which -as smaller and less experienced ani mals -are presumably less able divers than adult females.
Ti me Lags of Effects on Pinnipeds Relative to the Onset of EN
The time scale of EN effects on pinnipeds ranged from the immediate to those with a lag of several years. "Immediate" effects were caused mainly by physical, oceano graphic disturbances such as storms, shifts of the thermocline, and the accompany ing changes in the distribution of prey species (Fahrbach et al., Chap. 1; Arntz et aI., Chap. 2). In contrast, effects which showed up one to several years after the phe nomenon and were potentially long-lasting were primarily caused by slower biolog ical processes affecting mortality and fertility schedules of prey (Arntz et al., Chap.
2) and predator. Following the time course of effects provides clues to the causal chain through which EN influenced pinniped populations.
The most immediate effects of EN were created by the increase in sea level com bined with heightened storm activity in the eastern Pacific. The best example of this was the large storm-related mortality of elephant seal pups described in Section 262.1.
The rapid change in SST accompanied by the drop in thermocline to greater depth during EN also had an immediate effect on pinnipeds by causing changes in the local distribution of prey. Deepening of the thermocline together with reduced upwelling in the shelf ecosystem, the otariids' foraging habitat, caused a decline in phyto-and zooplankton density near the sud ace. This in tum diminished the near surface food resources of fish and cephalopod prey species of pinnipeds. This led to a decrease in body condition of fish, best documented for the Humboldt current sys tem off Chile and Peru (Arntz et al., Chap. 2). It se e ms likely that changed vertical migration (i.e., fish stayed deeper) and increased dispersal of fish shoals made foraging increasingly difficult for pinnipeds (sea Sect. 26.2.3).
A second effect of EN was large-scale movement of prey organisms. This came about simultaneously with local redistribution and produced longer-lasting effects. Ofr Peru, benthic fish migrated to greater depths after the onset of EN, while fish with a strong cold preference initially gathered in remaining coastal pockets of cold water upwelling. The South American fur seal in Peru may have experienced this change as an initial increase in prey availability with a subsequent decline as local resource depletion and migration of fish to depth or south to cooler waters occurred. Similar migrations influenced the food resources of pinniped species in temperate zones (Arntz et at, Chap. 2; see Sect. 26.2.3). Redistribution and decrease in energy content of prey species thus had strong and almost immediate effects on pinnipeds.
The decline in prey availability associated with EN 1982-83 led to an observ able reduction in body condition of adult animals of some species. Decreased physi cal condition of adult females then caused reduced milk production (Iverson et at, Chap. 19), decreases in the number of estrus females, or reduced pregnancy rates as indicated by the reduced number of copulations (Francis and Heath, Chap. 12). In gray seals (Halichoerus grypus), implantation is closely linked to an increase in food availability resulting in fast deposition of blubber (Boyd 1984) . The reduc tion in pregnancy rates during EN may indicate that pinniped females have to in crease fat reserves before reproduction (for similar effects in humans, see Frisch 1985 Frisch , 1988 .
The lowered growth rates of pups of many species led to poor condition of sur viving young and to long-term reduced survival of cohorts born during the peak of EN (Tables 1, 2) . For elephant seals, reduced juvenile survival occurred as a conse quence of lower prey availability (see Sect. 26.2.3), even though initial growth of pups appeared normal during EN (Le Bceuf and Reiter, Chap. 23; Huber et al..
Chap. 24; Stewart and Yochem, Chap. 25).
Most of these effects became evident while the meteorological and oceano graphic signals of EN were still recognizable; but other effects of EN on pinniped food resources became obvious only when these signals had largely disappeared. The delay was apparently caused through loss (by mortality or migration) and re duced fertility of adult fish. Smaller fish stocks. with individuals of low body condi tion, reproduced little or not at all in the EN year or the year following it (Arntz et aI., Chap. 2). Thus. whole cohorts of prey species were lost with the corollary that fish standing stocks were decreased for one to several years after EN. These effects on prey stocks may explain the lasting influence of EN on pinnipeds after the oceanographic signals had subsided. York (Chap. 9) discusses the ways in which a 4-year delay between an EN event and its positive effect on cohort survival can come about in subpolar areas. For northern fur seals, this is probably related to bet ter juvenile survival of some fish like herring which in turn then provide more food to juvenile fur seals when they begin independent foraging.
Interestingly, the rebound of the marine ecosystem appeared to be more rapid in the tropical Pacific where initial effects were more extreme (Arntz et aI., Chap. 2). At temperate latitudes, full EN effects took longer to develop and lasted longer than in the tropics. For example, in the Peruvian system the food chain is especially short and usually ends with a single species, the anchovy. Anchovy consume most of the primary production and produce most of the biomass that is harvested by top preda tors (Pauly and Tsukayama 1987) . Fast recovery of this species can therefore mean a quick return of the ecosystem to an apparently normal state. Perhaps the less com plex food web of tropical upwelling systems recovers faster from popUlation crashes or the component species of tropical ecosystems are better adapted to swings from boom to bust conditions than those of temperate systems.
The longest lags in EN effects on pinnipeds are caused by changes in popula tion structure due changes in mortality and fertility. Adult mortality coupled with the loss of several cohorts (Majluf, Chap. 5; Trillmich and Dellinger, Chap. 6) and partial loss of one or two cohorts as observed in temperate zone pinnipeds (Delong and Antonelis, Chap. 7; Francis and Heath, Chap. 12; Le Boeuf and Reiter, Chap. 23; Huber et aI., Chap. 24; Stewart and Yochem, Chap. 25) will change the popula tion composition and its reproductive output for a long time. Full recovery to pre EN population sizes will vary with latitude and with the number of year classes affected. 1Wenty years after an intentional kill of females, the Pribilof Island popu lation of northern fur seals Was still not fully recovered due to the loss of potential female recruits (York and Hartley 1981) . The Galapagos fur seal popUlation, which lost a large proportion of adult females and three full cohorts during EN 1982-83, will similarly show the effects for many years to come. More temperate populations can be expected to experience less dramatic, but nevertheless significant, long-term reductions in numbers due to a decrease in the number of female recruits. EN after effects will show up as a decline in the number of pups born when females of the re duced cohorts are entering reproductive age.
In summary, the most important long-term population effect of EN, with delays on the order of one to several generation times, is increased adult female mortality. Next in importance (and for elephant seals perhaps the most important EN effect) is the loss or partial loss of cohorts of juveniles and pups. Another major long-term population change was brought about by large-scale emigration. In California sea lions on the Channel Islands, this may have led to a major population redistribution (DeLong et aI., Chap. 17), and in northern fur seals on San Miguel Island, it temporarily reversed the long-term trend of a popUlation increase (DeLong and Antonelis, Chap. 7). Emigration may also have caused a major loss to the Peruvian population of the South American fur seal (Guerra and Portflitt, Chap. 4; Majlur, Chap. 5). 
Comparison of Pinnipeds a"d Seabirds
During the 1982-83 EN, ornithologists gathered extensive data on seabirds in the same area of the eastern Pacific as the pinniped studies reported in this book. A comparison between these two widely differing groups is of interest because pinni peds and seabirds have to deal with similar ecological problems. Similarities and differences in the effects of EN on the two groups can therefore be used to expose, and increase understanding of, specific adaptations and constraints in the way in which species deal with environmental disturbances.
During the migration period, phocids and otariids behave like open ocean for aging birds, which are free to follow food-rich currents or stay in patches of high food abundance (Hunt and Schneider 1987) . Nonmigratory and lactating otariids re semble inshore feeding seabirds during the breeding season when they are tied to the local food resources in their sometimes large "patch" of nearshore habitat. Al though the monogamous mating system permits seabirds to share the burden of chick rearing, seabirds as well as otariid pinnipeds have to leave their young while hunting at sea and to return to them at intervals. The length of the feeding cycle par tially depends on the distance to the foraging areas. Thus seabirds, like otariids, fol Iow a central·place rearing strategy.
There are, of course, pronounced differences in the physiology and ecology of pinnipeds and seabirds. For allometric reasons (Lindstedt and Boyce 1985) , as well as to maintain flying ability, even a maximally fat seabird will store less fat relative to metabolic demand than a much larger pinniped. Only the penguins, because of their size and nightlessness, can build up substantial nutrient deposits to cover their own metabolic needs while fasting for prolonged periods during chick rearing.
Since seabird parents cannot store nutrients in their own body tissues for later transfer to young, they must transport food to their chicks in their stomachs (Costa 1990) . This method of provisioning young contrasts strongly with the ability to di gest food and convert it into blubber and milk, which are easier to store and higher in energy content. Lactation thus allows pinnipeds to store large amounts of energy and nutrients over a relatively long period for later feeding of young. As a conse quence of their lack of stornge ability, adult seabirds and their chicks arc less capable than pionipeds of bridging long intervals of food shortage.
Differences in the foraging ecology of the two groups are also marked: most seabirds gather their food (rom the surface or from a thin upper layer of the ocean. Only penguins, alcids, and perhaps cormorants appear able to dive consistently to depths greater than 20 m (Kooyman and Davis 1987; Kooyman 1989) . During warm water conditions, only these species may thus be expected to follow prey spe cies to depths as pinnipeds seem able to do, whereas all other surface-feeding sea bird species would be cut off from their food supply. From these differences in size, provisioning strategy and foraging ecology between seabirds and pinnipeds one would expect stronger EN effects on seabirds than on pinnipeds. This is indeed the general pattern. In the tropical Pacific (Galapagos and Peru) boobies, cormorants, pelicans, and penguins abandoned their nests, eggs, and chicks leading to almost total breeding failure (Arntz 1986; Valle et a1. 1987; Duffy et al. 1988; Schreiber and Schreiber 1989) . In addition, a�ult mortality in seabirds was far more massive than in pinnipeds. Duffy et al. (1988) estimated adult mortal ity of Peruvian boobies (Sula variegata), Guanay cormorants (Phalacrocorax bougainvillii), and' Peruvian pelicans (Pelecanus occidentalis) as near 85% (cf. our pinniped data in Tables 1, 2).
Data for the northern hemisphere show the same trends, but the responses of seabirds in this area were more varied (Ainley et al. 1988; Schreiber and Schreiber 1989) . Along the coast of North America, EN effects on seabirds were delayed by 1 year, i.e., most pronounced in 1983 and 1984 as we noted for pinnipeds. All seabird species on the especially well-studied Farallon Islands were strongly affected during 1983. Adult mortality of cormorants and alcids was higher than normal, breeding success was reduced, and chick growth was slowed, leading to longer times to fledging and lower fledging weights (Ainley et al. 1988 ). Species feeding locally on benthic organisms (pigeon guillemots, Cepplrus coillmba, and pelagic cormorants, Phalacrocorax pe/agicus) were most strongly affected. Even further north, along the Oregon coast, researchers noted deleterious effects of EN on seabirds in 1983 (Hodder and Graybill 1985) . Finally, in Alaskan waters, effects were noted in 1983 but were hard to interpret, as mentioned earlier (Hatch 1987) .
In general, latitudinal trends in seabird mortality and the reduction in breeding success parallel effects found in pinnipeds, but EN effects and after effects seem to have caused stronger negative effects on chick growth and survival and perhaps adult mortality among seabirds than among pinnipeds. This may be related to the lower fasting tolerance of seabirds.
3. 1.2 Tire Role of Emigration
The majority of seabirds can emigrate from areas of poor food conditions much faster than pinnipeds (or penguins). The ability to emigrate large distances from the core of the EN event may have saved many adult seabirds. In Peru, boobies, cormo rants, and pelicans were observed to emigrate southward, and Galapagos blue footed boobies (SlIla nehouxii) apparently moved toward mainland South America. The return of thousands of adults of these species shortly after the end of EN in 1983 indicated that emigration had been successful for many. Similarly, the Humboldt penguin (Splreniscus humboldtl) colony in Punta San Juan, Peru, was reduced to only 1 % of the birds during EN (Duffy et al. 1988 ). Later on, many returned and by 1985 colony size was back to normal (Hays 1986).
In Galapagos, nearshore feeders (the Galapagos penguin, Sp izenisclls men diculus, and the flightless cormorant, Nannopterum Irarrbri) showed the stron-gest adult mortality (77% and 49%, respectively; Valle et al. 1987) . Given these species' limited traveling speeds and body reserves, they may have been unable to emigrate successfully to more suitable habitat, a problem which they apparently shared with the Galapagos pinnipeds.
Along the coast of North America major movements of seabirds were also noted. Cool water species migrated further offshore and many subtropical species followed warm water further north than their usual northern limit (Ainley et al. 1988) . Increased northward migration of pinnipeds was also noted by Huber (Chap. 13). particularly for immature California sea lions. In summary, dispersal appears to have been a success ful strategy to avoid the worst impact of EN-related changes in food resources for both seabirds and pinnipeds. But this strategy was not open to species feeding locally on benthic organisms, like many of the seabirds mentioned above, or to species which were stuck in the isolated food patches of near-coastal habitat.
Monitoring seabirds would therefore appear to provide a faster indication of changes in marine conditions than similar monitoring of pinnipeds. On the other hand, most seabirds more easily abandon breeding attempts and emigrate from dis turbed oceanic areas than pinnipeds and therefore pinnipeds, and especially lactat ing females, may provide better indicators of local long-term effects.
Otller Effe cts on Population Dynamics
An interesting phenomenon that deserves further attention in studies of pin niped populations was noted by ornithologists on the Farallon Islands during EN. The assumption of stability of some seabird populations over the period of EN proved to be erroneous since different individuals were breeding before and after EN (Ainley et al. 1988) . Previously nonbreeding birds moved in to fill vacancies left by the mortality of breeding birds. This was demonstrated for popu lations of banded west ern gulls (Larus occidentalis) and Cassin's auklets (Ptychorampllus aleuticu ... ) on the Farallons.
In some species of seabirds the breeding failure during EN was followed by an apparent population increase after the event ended. This was most likely caused by more synchronous breeding of the remaining birds, the majority of which responded with a breeding attempt when food resources returned to a more favorable state (Ainley et aI. 1986 (Ainley et aI. , 1988 . We have noted the same phenomenon in the Galapagos fur seal (Trillmich and Limberger 1985; Trillmich and Dellinger, Chap. 6) . This effect will, in both groups, speed up recovery from environmentally caused population crashes.
Seabird observations also suggest another interpretation of the delayed onset of breeding seasons during and after EN, which was observed in two pinniped species (Delong and Antonelis, Chap. 7; Stewart and Yo chem, Chap. 25). Later onset of seabird breeding seasons on the Farallons could have been a secondary consequence of the changed age structure of the populations (Ainley et al. 1988 ). If floaters en tered the popUlation of breeders after EN, their lower efficiency may have caused later onset of breeding and reduced mean fertility in 1984 (Ainley et al. 1988 ). We cannot presently decide whether this effect might also have contributed to the later arrival of breeding female pinnipeds ashore.
Phocid-Otariid Di./J erences in Reproductive St rategy
Pinnipeds face a foraging versus reproduction dilemma. They forage at sea and breed on land because their young are initially bound to land. Females of the two families of pinnipeds, the phocids and otariids, use two entirely different strategies in dealing with this dilemma. In most phocids, reproductive events are isolated from foraging in space and time while in otariids the two activities are intertwined.
Elephant seals forage most of the year without returning to the breeding grounds except to molt. Females travel as far as necessary and stay in good food patches as long as profitable while storing large amounts of nutrients. Costa et al. (1986) calculated that a female elephant seal need only increase her food intake by about 10% per day above her own needs to gather all the nutrient reserves needed for the 28-day period of lactation ashore. As in most phocids, lactation is then fueled entirely from body reserves. Therefore, the location of breeding areas is largely independent of the location of concentrated food resources. Fasting proves to be the key strategy phocids use for solving the food versus reproduction dilemma.
In phocids, large amounts of high energy milk are transferred to the young in a very short time, 4 days to about 6 weeks depending on the species. At the end of this period young are abruptly weaned and are left to their own devices. At this stage they have about 25% of the mother's body mass (Costa 1990) . Much of the mass of recently weaned young is a large energy deposit stored as subcutaneous Cat which enables them to live up to several months without feeding until they begin to feed on their own.
In contrast, otariids reproduce in a way that we described above as central place rearing. They give birth to their young in places where high fo od-abundance ecosystems are nearby and permit fast gathering of food during short foraging trips. Mothers alternate between short 1-3 day long stays ashore and hunting sojourns at sea which may last from 1 to 8 days depending on the species. Trip length is con strained by the pups' ability to fast and to maintain a net mass gain over time. Given that otariid milk never contains much more than 50% fa t, and that there is a limit to the quantity of milk a fe male can produce, otariid fo raging trips appear limited to about 7 days. This constraint makes the location of otariid breeding grounds depen dent on a combination of distance to and food density in foraging areas: they can arrord to travel farther if resources are richer. Mothers must not only replenish their own body stores during the time at sea, they must also pay for the cost of travel be tween breeding and foraging site and store enough nutrients for lactation during the next stay ashore with the pup. The metabolic overhead of this strategy is much larger than of the phocid rearing strategy, since considerable energy is expended for shuttling between the breeding colony and the foraging grounds. In addition, otariids take more time before weaning their pups, usually between 4 and 12 months, but in exceptional cases up to 36 months. Pups also begin fceding on their own before weaning. They are weaned when they have attained between 40 and 55% of maternal body mass.
As expected from the differences in the lactation strategies of otariids and pho cids, starvation of pups due to insufficient milk transfer did not play a role in ele phant seal pup mortality. Even if our studies spanned a wider range of latitudes and species we would not expect phocids to show the same tropical-temperate gradient of EN effects on pup mortality as otariids.
Another difference between phocids and otariids that follows from the differen ces in rearing strategy is that phocids, and to some extent subpolar otariids, pro vide their young with fat stores and wean them when they are still naive about foraging. This results largely from the short time they spend at maternal care. This strategy can only be successful if food is relatively easy for an unexperienced animal to catch. Temperate and tropical otariids, on the other hand, wean young that are not very fat, but that have some foraging experience. If food is less abundant or difficult to catch, gaining more foraging experience while still supported by maternal milk may be critical for juvenile survival and the otariid strategy allows for this.
Both phocid and otariid males fast during the reproductive season because in trasexual competition does not permit them to forage intermittently at sea. If they did, they would lose opportunities for reproduction and may risk losing their territo ries or dominance positions to other males. The obvious solution to this problem is to forage more or less independently of a land base during most of the year gather ing body stores. These reserves are then used for maintenance during the breeding season on shore. Males are thus shielded from fluctuations in prey abundance dur ing the breeding season, but are fuUy impacted by whatever conditions they meet upon returning to the sea.
Knowing about the differences in the life history of female otariids and phocids and male vs female pinnipeds, we are now in a position to evaluate the differences found in the effects of EN on otariids and phocids. This can tell us which stages in their life cycles are most susceptible to environmental fluctuations.
Th e llrj1u ence of the Tim ing of EN Effects
Otariids The onset of EN will have difrerent effects depending upon which stage of the life cycle is affected. We observed EN effects at various stages of the otariid reproduc tive cycle, although our data set is confounded by the change in latitude and the cor responding change in the strength of the effects. We can adjust for some of these confounding variables by also observing the effects of weaker ENs on the same population as e.g. in Peru (Majluf, Chap. 5).
In Galapagos, EN began during the peak of the birth season of fur seals and sea lions. In both species growth rates of pups decreased immediately as mothers' time at sea increased (Trillmich and Dellinger, Chap. 6). Decreased provisioning rates led to almost complete pup mortality within a few months of the onset of the event. However, where EN is not as strong, flexibility in the duration of maternal care buffers the impact. Buffering is best demonstrated by Majluf's data for the South American fur seal in Peru. During the 1987 EN, growth rates of pups decreased but mortality rates did not increase. Even though pups were small at 4 months of age, they nevertheless survived as well as other cohorts which grew much faster (Majluf, Chap. 5).
Otariid mothers are continuously exposed to and informed about foraging con ditions during lactation, and therefore, are immediately affected by deterioration of the food supply. This may actually work to their advantage. If pup survival becomes unlikely, the earliest possible cessation of investment will allow a female to attend to her own survival as well as garner energy for subsequent offspring. The mecha nism by which maternal effort is ended may lie in maternal physiology. Since lac tating females forage longer during poor food conditions (see Sect. 26.2.3) in order to obtain enough resources fo r lactation as well as their own metabolic demands, pups may starve to death during very protracted feeding trips, especially if such trips are consecutive. This eCCectively constitutes pup "abandonment".
Otariids in the California system were not affected by EN in 1982 before their young were 3-4 months old. The only clear change here was an increase in the pe riod of maternal care (Francis and Heath, Chap. 21) thus reducing the impact of EN. However, increased maternal care entailed a great cost to mothers through reduced fertility. This effect was more pronounced in otariids than in phocids (Tables 1-3 and Huber et aI., Chap. 24, on elephant seals). While phocid mothers showed only slight decreases in pup production, sea lions produced only half as many pups in 1983 as in 1982.
Reproductive output of otariid mothers was reduced even when lactation was not extended: in 1983, northern Cur seals at San Miguel weaned their young as usual after about 4 months. Nevertheless, they produced fewer young in 1984. The mor tality oC recently independent northern fur seal young also appeared to increase dur ing the subsequent months (Delong and Antonelis, Chap. 7 see also Sect. 26.3.4) . Even in the tropics, otariid populations began to recover immediately after the end of EN as soon as feeding conditions returned to normal. This is possible because mothers do not depend on body reserves Cor pup rearing but on fo od available at the time ofrearing. In California, recovery in the otariid populations did not occu r until 1985 since the long-term effects of the EN carried over into 1984 (see above).
Phocids EN in 1982 first influenced temperate waters in Sept.lOct. when elephant seal moth ers had already gathered the majority of the nutrient reserves needed Cor successful pup rearing. Consequently, the period of pup rearing showed few effects of EN (aside from the direct physical storm effects). However, the subsequent stages in the cycle, Coraging to recover some of the resources lost in lactation prior to molting, and foraging until the next pupping season, were affected as shown by the longer foraging of females before returning to molt (Le Boeuf and Reiter, Chap. 23) and by reduced natality in the next season (Huber et al., Chap. 24) .
Phocid pups are shielded Crom the effects of environmental fluctuations while still dependent on their mothers, but juveniles are adversely affected when they begin foraging at times of low fo od abundance. This was most noticeable in the re duced long-term survival ohhe 1983 cohort. Juveniles are expected to be less capa ble of sustained deep diving than their mothers because of lower body size. This has been shown for the Weddell seal, LeptonycllOtes weddclli (Kooyman et al. 1983) .
where the 13-min aerobic dive limit (i.e., the time they can spend under water with out incurring an oxygen debt) of juveniles was about half the 20-25-min aerobic dive limit of adult animals (see also Gentry et al. 1986a ). However, this explanation may not apply to elephant seals. By 14 months, juvenile elephant seals showed the same dive depth/duration pattern as adult females (I.e Boeuf unpubl. data). Alterna tively, less hunting experience of juveniles as compared to adults may cause the de creased survival of juvenile elephant seals when food is scarce.
The unusually long duration of the 1982-83 EN provided the opportunity to re cord the effects of long-term reductions in food supply on a phocid. The 1984 ele phant seal reproductive season was preceded by a year of EN influence. This had no effect on adult female mortality or on the number of pups born on Ano Nuevo is land (I.e Boeuf and Reiter, Chap. 23), but it increased the fe males' tendency to skip one reproductive season, and decreased the number of pups born on the Farallon Islands (Huber et aI., Chap. 24). Apparently, the animals at the species' northern dis tribution limit were affected more by the changes than were Ano Nuevo animals.
The reasons for this difference are not known, but clearly food shortages can influ ence a fe male's ability to implant the fe rtilized egg or to pay the metabolic cost of gestation. TItus, the phocids arc most sensitive to food shortages during the long fo raging period at sea, the nonreproductive season. As a corollary of reduced food intake during their first year at sea, growth of juveniles is presumably retarded, and age at primiparity is delayed. EN events of more "normal" duration, the composite ENs ofWyrtki (see Fa hrbach et aI., Chap. I), may begin to affect the temperate areas off Califomia in January. This would presumably lead to less pronounced changes in adult behavior and fe rtility, but may influence juvenile survival similarly as we fo und for the 1982-83 EN.
Unlike lactating otariids, breeding phocids of both sexes as well as breeding male otariids do not gather information on fee ding conditions during the reproduc tive season. During very strong ENs they may not be able to replenish body reserves lost during the reproductive season quickly enough. Could such an effe ct be respon sible fo r the absence of phocids in the eastern tropical Pacific?
Potelltial Selecti ve Effe cts of Environmental Fluctuations Like EN on Pi'ln/p eds
None of our results are sufficiently detailed to permit direct measurements of selec tion due to EN conditions. Nevertheless, on the basis of the documented effects. we consider it useful and of value for future studies to build hypotheses on the selective effects of environmental variance on pinniped life history.
Effe cts on Matern al Strategies
What effect could recurrent EN events have on the evolution of the patterning of maternal care in otariids? We noticed no effect of EN on the population of northern fur seals in the Bering Sea (Gentry, Chap. 8), but a severe one on the small popula- 7) . Apparently, the maternal strategy of these subpolar species is not flexible enough to compensate for periods of low food availability by increasing the lactation period, thus helping juveniles to ease into independent foraging and increasing their probability of survival.
These results are of great interest because they are our only example of the impact of EN on a population with a fixed time to weaning. Growth of the San Miguel colony presently still partially depends on continuing immigration. This apparently precludes genetic adaptation to local conditions in the California Current system.
Northern fur seals on San Miguel fo llowed a rigid, genetically programmed time course in their pup rearing. This strategy is probably adaptive in the subpolar areas where they normaUy breed, but has major disadvantages when animals live under temperate conditions. The same applies to Antarctic fur seals which breed on tem perate Marion Island (Kerley 1985) .
All other otariids, sea lions and fur seals alike, are much more flexible in the duration of lactation, which allows them to buffer their young against unpredictable reductions in food resources. It seems logical that a more flexible patterning of maternal effort will be selected for when environmental circumstances vary unpre dictably, if the benefit of lengthening the lactation period (i.e., increased juvenile survival) outweighs any decrement in future offspring production (i.e., reduced female fe rtility).
At the same time, lengthening of the nursing period should allow juveniles to gather foraging experience before they become totally independent. In such a vari able rearing system there needs to be communication between young and their mothers as to the degree of nutritional dependence or independence. While such a system is open to cheating from the side of the young (Trivers 1974), it allows fe males to adjust maternal effort in relation to environmental circumstances. EN could be one source of variation selecting for increased flexibility of the maternal strategy. This agrees with the degree to which this flexibility is observed at diffe rent latitudes: at high latitudes with highly predictable seasonality northern fur seals (and Antarctic fur seals) show no flexibility of weaning age, whereas at low latitudes Galapagos fur seal mothers wean their young at any time between 10-36 months. A similar though lower flexibility was also noted for the South American fur seal in Peru (Majluf, Chap. 5) and the California sea lion (Francis and Heath, Chap. 21).
Whereas very strong EN events like the one in 1982183 destroy all offspring of a given cohort, as in the Galapagos fur seal, less violent fluctuations will lead to dif ferential survival of young as observed in the California otariids and the fu r seal in
Peru. If such events recur fre quently enough they could lead to selection on mothers for giving up the current reproductive errort in favor of a future one if the probabil ity of less severe environmental conditions in the next reproductive cycle is suffi-ciently high. During EN in 1982/83 many female otariids were at sea for so long that their young starved to death. It has been postulated for the northern fur seal that mothers return to their pups when they have replenished their body stores up to a set threshold (Costa and Gentry 1986). They then transfer milk to the pup until their body stores reach a lower threshold whereupon they leave again to forage. Interindi vidual variation in the position of the upper and lower threshold could well become a target for selection. Mothers in a relatively predictable environment may face less of a survival cost if they allow body stores to fall to a lower setpoint than animals in a less predictable environment. This would apply if lowered fat stores imply more of a mor tality risk to a mother in an unpredictable environment.
In phocid seals, it is more difficult to envisage how selection would act on ma ternal strategies since survival of both mother and pup depend on body stores during and at the end of lactation. Bigger fe males may have an advantage during periods of food shortage since they can carry and transfer more reserves to their young than smaller mothers (Undstedt and Boyce 1985) . To young, the advantage of being big ger (bigger in terms of more lean body mass) may consist of increased diving ability once they begin their independent foraging. In addition, pups with larger fat stores at weaning can spend more time gaining hunting experience once they enter the sea before their body stores fall to critically low levels (Reiter et al. 1978) .
For mothers, being bigger could also be disadvantageous, since in absolute terms a bigger animal utilizes more food per unit time. This need for more fo od could become critical for a big fe male under conditions of food shortage, whereas at the same time the larger size of the young of a big mother (Costa et aL 1988) would confer an advantage to her due to a higher survival probability of her offspring.
Without detailed modeling it is hard to guess where the optimum size of a fe male would fall under conditions of variable prey abundance, but it seems a worthwhile exercise to model this problem of a size-dependent shift in the trade-orr between fertility and survival.
In the elephant seal, age at primiparity was delayed in cohorts grown up under EN conditions (Le Boeuf and Reiter, Chap. 23; Huber et al., Chap. 24). If large size of mother and pup alike confer a survival advantage, unpredictable variance in envi ronmental conditions could select fo r delayed primiparity in both phocids and otariids. This would allow females to grow to a larger size before first reproduction. Costa et al. (1988) have shown that in the Antarctic fur seal fe male size is correlated positively with pup size. Thus, bigge r mothers produce bigger pups and may in crease the survival chances of their pup. If under fluctuating prey abundance, growth rates of subadults fluctuate strongly between cohorts, age at primiparity may come more under the control of body size rather than of age per se and this could result in greater variance in the age at primiparity in more tropical pinniped popula tions. We presently have no data to test this hypothesis.
Effects 011 Male Size amI Sexual Selection
A decrease in male size reduces the absolute amount of food needed for main tenance metabolism. If food shortages occur frequently and cannot be evaded by F. Tr illmich et a!.: The Effects of EI Nino on Pinnipcd Populations in the Eastern Pacific migration to more productive areas, this could select for reduced male size. These arguments may explain why the Galapagos fur seal has the least pronounced sexual size dimorphism of all otariids. Similarly, fu lly adult male California sea lions on Galapagos (Zalophus cali/ornianus wollebaeki) appear smaller than males in Cali fo rnia (Z. c. cali /orn ianlls), but exact morphometric data on California sea lion males from the Galapagos population are not available.
Environmental fluctuations, which decrease male adult or juvenile survival for certain cohorts, may decrease the average intensity of intrasexual selection. During EN, increased mortality or skipping of reproductive seasons among breeding males was observed in many species (Tables 1-3) . Nearly 100% of the territorial male fur seals died in the Galapagos. If many breeding males die during EN, male-male com petition among the survivors necessarily decreases. The extent of this decrease in male-male competition depends on the proportion of fully adult males that actually become territorial in a given season. Males, which are subadult at the time that breeding males experience increased mortality, also face less fierce competition by older males in the next breeding season. Similarly, males born in,just before, or just after the cohort(s) with reduced survival at the pup stage also face less competition when they become territorial.
The intensity of male-male competition is considered the selective process re sponsible for the major size difference between male and female polygynous pinni peds (e.g. Bartholomew 1970). Environmental fluctuations, which cause increased male mortality, would thereCore be expected to reduce intrascxual selection for Inrge male size. This agrees with the latitudinal trend in size dimorphism fo und in otariids: at nearly equal fe male body mass, male northern fur seals have five to six times higher body mass than Ce males, whereas male Galapagos Cur seals weigh only about twice as much as Ce males.
